We have sequenced 1949 kb from the terminal Giemsa light band of human chromosome 16p, enabling us to fully annotate the region extending from the telomeric repeats to the previously published tuberous sclerosis disease 2 (TSC2) and polycystic kidney disease 1 (PKD1) genes. This region can be subdivided into two GCrich, Alu-rich domains and one GC-rich, Alu-poor domain. The entire region is extremely gene rich, containing 100 confirmed genes and 20 predicted genes. Many of the genes encode widely expressed proteins orchestrating basic cellular processes (e.g. DNA recombination, repair, transcription, RNA processing, signal transduction, intracellular signalling and mRNA translation). Others, such as the α globin genes (HBA1 and HBA2), PDIP and BAIAP3, are specialized tissue-restricted genes. Some of the genes have been previously implicated in the pathophysiology of important human genetic diseases (e.g. asthma, cataracts and the ATR-16 syndrome). Others are known disease genes for α thalassaemia, adult polycystic kidney disease and tuberous sclerosis. There is also linkage evidence for bipolar affective disorder, epilepsy and autism in this region. Sixty-three chromosomal deletions reported here and elsewhere allow us to interpret the results of removing progressively larger numbers of genes from this well defined human telomeric region.
INTRODUCTION
Although the Human Genome Project is nearing completion, the extent to which the current sequence is accurately assembled and annotated varies considerably from one region to another. In addition to identifying genes, fully annotated sequence will allow us to address global relationships between chromosome structure and function. In particular, we will be able to relate long-range, primary DNA sequence to the key processes of nuclear metabolism including transcription, replication, recombination, repair, methylation, chromatin assembly and nuclear positioning. Extensive preliminary data already suggest that correlations exist between chromosome banding, DNA sequence composition and these processes (1, 2) .
On a smaller scale, it is known that cis-acting sequences which control expression of specific genes may be located tens or hundreds of kilobases from the gene they regulate. It will therefore be important to establish whether regions of the genome that encode proteins are organized at a level above the unit of the gene and address the question of whether sequence analysis can help identify structurally discrete chromosomal domains that contribute to or reflect function.
The terminal 285 kb of 16p13.3, which includes the α globin genes, has been previously characterized using a variety of functional assays, allowing us to relate primary sequence to known biological function (3) . Here, we have sequenced the terminal ∼2 Mb of human chromosome 16p, enabling us to fully annotate a contig extending from the telomeric repeats to the previously published tuberous sclerosis disease 2 (TSC2) and polycystic kidney disease 1 (PKD1) genes (4, 5) . This segment of the Giemsa light band 16p13.3 is GC-rich and Alu dense containing many putative CpG islands and genes. In addition, 63 deletions from this 2 Mb region and their corresponding phenotypes, including the ATR-16 syndrome, are reported here and elsewhere (6) (7) (8) (9) (10) (11) allowing us to interpret the effects of deleting progressively larger numbers of genes from this well defined chromosomal region.
Given its very high gene density and proximity to a human telomere, it is not surprising that, in addition to α thalassaemia (12) , the ATR-16 syndrome (6), tuberous sclerosis (4) and the + Christine Lloyd headed the production of the sequence at the Sanger Centre. A full list of past and present members of staff who contributed to generating this sequence is given in the Acknowledgements. § To whom correspondence should be addressed. Tel: +44 1865 222393; Fax: +44 1865 222500; Email: drhiggs@molbiol.ox.ac.uk adult form of polycystic kidney disease (5) , several previously characterized human genetic disease genes may also lie in this gene-rich region. These include asthma (13) , cataracts with micro-ophthalmia (14) , susceptibility to bipolar affective disorder (15) , epilepsy (16) and various forms of autism (17) (18) (19) . This highly annotated sequence extending 2 Mb from the 16p telomere should facilitate rapid identification of disease genes falling in this region. These data therefore provide an ideal opportunity to evaluate the extent to which DNA sequence analysis of the human genome will contribute to our understanding of chromosome structure, function and pathology.
RESULTS

Construction and sequencing of the 16p13.3 contig
A physical map of overlapping cosmids spanning the terminal 2 Mb of chromosome 16p was constructed ( Fig. 1H ) using three different restriction enzymes and multiple hybridizations with internal and end-clone fragments (see Materials and Methods). In most cases, several (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) cosmids were identified at each screening stage from a chromosome 16-specific cosmid library (20) , providing significant depth (average, six cosmids), and hence confidence, in the resulting map. Clones chosen to represent the minimal tiling path were analysed using FISH to ensure that they mapped uniquely to the terminal region of 16p. In three instances, the genomic DNA was represented by a single cosmid [c398F6 (AL023882), c313F9/ c305F3 (AL031707/AL031706) and c381G6 (AL031598) (Fig. 1H) ]. Restriction maps of these regions were later confirmed using sequence data from the clones themselves but their structure has not yet been confirmed in genomic DNA. Two regions (around co-ordinates 426-485 and 1775-1949 kb) are not represented in the chromosome 16 cosmid library. In these cases, a human PAC library (RPCI) (21) was screened with flanking probes and recombinants spanning each gap [PAC196A12 (AL049542) and PAC76P10 (AL132867) (Fig.  1H) ] were identified. The provenance of these clones was confirmed from sequence data (see further results on PAC76P10 below), restriction mapping and fluorescence in situ hybridization (FISH) analysis.
Sixty-five cosmids and PACs representing the minimal tiling path were sequenced. Of these, 59 are finished with an error rate of <1 in 10 000 bp. As described for other areas of the human genome (22, 23) , some small segments were consistently difficult to sequence but, in most cases, this could be overcome by applying methods for analysing sequence with a high GC content (see Materials and Methods). Six clones remain unfinished due to difficulties in obtaining sequence.
Clone c357D8 (green box in Fig. 1H ) is contiguous, but includes regions of single-stranded sequence and poor quality data, invariably flanked by long tracts of Alu repeats. The missing strands have so far proved impossible to sequence using a variety of technologies.
Five clones (blue boxes in Fig. 1H ) each contain a single gap (850, <100, 600 and 1250 bp and ∼8 kb) not represented in the M13 shotgun libraries of the individual clones. These gaps are flanked by repeat sequences with tracts of very high GC content and it appears that polymerase consistently stalls at specific sequences. Despite considerable effort, completing these gaps, one of which contains an exon belonging to CACNA1H (gene no. 72), is beyond the scope of this current study, but efforts are continuing to complete these clones to a similar standard. It is interesting that 5 of the 16 ATR-16 centromeric chromosomal breakpoints fall within the 182 kb region spanned by four of these same clones, c344F5, c357D8, c303A1 and c333E1 (Fig. 1H) , suggesting that there may be some link between chromosome breakage and segments that are difficult to clone, PCR and sequence. There is also evidence for a high degree of genetic recombination occurring in and around these clones (see Relationship between structure, gene expression and recombination).
Overview of the telomeric region of 16p13.3
The overall structure of this area is consistent with previous observations on GC-rich telomeric regions of the human genome (1,3) but provides further detail and resolution. The average GC content of the entire 1949 kb sequence is 57.5%, ranging from 47.2 to 65.3% when subdivided into 100 kb fragments ( Fig. 2A) , which is higher than the average for the human genome (∼42%) (22) . Superficial observation of the GC content suggested that this 2 Mb segment may be divided into three: Region I (1-500 kb) with an average GC content of 54.1%, Region II (501-1500 kb) with an average GC content of 60.9% (12) and the larger black bar represents an individual with the largest known deletion with no phenotype other than α thalassaemia (11) . Blue bars show the extent of 16p deleted material from individuals with ATR-16 who also have additional aneuplodies, and the chromosomal origin of the translocated material is shown at the end of the deletion. The deletion in patient GS, who has an unbalanced translocation involving an acrocentric p arm, is represented in green. Red bars show the extent of deleted material from ATR-16 individuals (BA, TN, BO, IM, LIN) currently presumed to be purely monosomic for this region of the genome. The large yellow bar represents the 16p deleted material from a patient with an unbalanced translocation who suffers from both tuberous sclerosis and polycystic kidney disease and the small yellow bar represents the extent of interstitial deletions causing tuberous sclerosis and polycystic kidney disease (79) . (In most cases, the breakpoint is given as the midpoint of the cosmid in which the FISH signal changes; thus, the actual breakpoint could lie 30 kb in either direction.) (B) Breakpoints (both telomeric and centromeric where relevant) in this region from both α thalassaemia (red lines) and ATR-16 individuals (blue lines). (C) Genes identified throughout the region. The black oval denotes the telomeric repeat (TTAGGG) n region. Green boxes above the line show genes transcribed towards the centromere. Blue boxes below the line show genes transcribed towards the telomere. The red bar indicates the end of our analysis and annotation, but the physical map is contiguous with the PKD1 region, as shown (4, 5, 80, 81) and Region III (1501-1949 kb) with an average GC content of 53.7% ( Fig. 2A) . Assessing the GC content using a 20 kb moving average plotted at the midpoint showed that the regular ∼90 kb wavelength in GC content previously noted in the terminal 285 kb (3) extends throughout Region I (Fig. 1F) . Genes that are transcribed towards the centromere appear to lie within the peaks of this wave pattern and those transcribed towards the telomere appear to lie within the troughs. The GC content remains relatively constant across Region II with a slight dip between co-ordinates 800 and 1000 kb ( Fig. 2A) , then, in Region III, further modulation in GC content occurs (Fig. 1F) .
The repetitive elements are summarized in Table 1 . As for other GC-rich isochores, the average Alu density is high (19.6%) whereas the density of LINE repeats is low (5.1%). The highest Alu density (29.5%) occurs in Region I (Figs 1G and 2B). In Region II, the Alu density is lower (12.7%) and this segment contains many tandem and simple repeats, a relative increase in the frequency of LINEs and fewer low complexity repeats than adjacent regions. Alu density increases again (24.2%) in Region III.
When the entire masked sequence was compared with itself, a 34 kb region was identified (between co-ordinates 1213 and 1247 kb) composed of one direct and two inverted repeats, the largest of which is 10 kb (data not shown). This is the same region that contains the clones which proved most difficult to clone and sequence; also located within this region are four members of the mast cell tryptase gene family: human transmembrane tryptase, tryptase beta III, tryptase beta I and tryptase beta II (13, (24) (25) (26) . Directly centromeric to these are three more tryptase-like genes that appear to be pseudogenes. Although the tryptase genes beta I-III have previously been localized to 16p13.3 (13) , there is some disagreement in the order and number of tryptase genes presented here (based on genomic sequence data) with the previous report [based on restriction map data (13) ].
Synteny between human and mouse sequences
As previously shown, the telomeric 172 kb segment containing the α globin cluster and five of the genes located telomerically are syntenic to an interstitial fragment of mouse chromosome 11 (27) . The remainder of the 2 Mb region between LUC7L (gene no. 16) up to and including at least the mouse orthologue of the PKD1 gene, which lies beyond the region sequenced here, is syntenic to mouse chromosome 17 (28) (29) (30) .
Identification of genes and estimates of gene density
The entire sequence was masked for repeats and initially annotated by sequence homology using the BLAST suite of programs (31, 32) to search nucleotide [dbEST (33) and EMBL (34) ] and protein [SWISS-PROT and TrEMBL (35) ] sequence databases. The sequence was also analysed with the exon prediction programs GRAIL1.3, MZEF and XPOUND and the gene prediction programs GENSCAN, FGENES and FGENESH (36-41; V.V. Solovyev, unpublished data, see http://genomic.sanger.ac.uk). All sequences and analyses were processed using an automated system and stored in ACEDB (http://www.acedb.org). After extensive review and editing of these data, we classified (Table 2 ) and characterized (Table 3) 120 genes in the 1949 kb telomeric region. We found corroborative evidence (spliced ESTs, peptide homology or CpG Of the ab initio gene prediction programs used, GENSCAN was found to be the most accurate at predicting known genes (category A and B, Table 2 ). The accuracy increased when genes and exons were predicted by more than one program. In some regions, GENSCAN either over-or under-predicted. For example, around 844-960 kb, GENSCAN predicted six genes which, from further analysis, appear to be one gene and in another case, (630-669 kb), seven closely spaced genes (including two category A) were predicted to be a single transcript. Close inspection of this region revealed at least five clusters of ESTs and five CpG islands. We were able to amplify each putative gene from HeLa mRNA using internal primers but failed to amplify between these genes (data not shown), supporting the interpretation that they are separate genes.
Within this 2 Mb region, gene density is not uniform (Fig.  1C ). On average, there is approximately one gene every 16 kb in this region, consistent with previous observations that telomeric, Giemsa light bands are gene dense (1, 3, 42) . There seems to be no bias towards small or large genes. The smallest genomic coverage is TRG4 (gene no. 36), which has a single exon spanning 75 bp; the largest is C16orf26 (gene no. 62) spanning 116 kb. CACNA1H (gene no. 72) has the greatest number of exons (35) and there are several genes with only one exon, of which the largest is IGFALS (gene no. 106). CRAMP1L (gene no. 99) has the largest exon at 4029 bp. The smallest exon (9 bp) lies in NUBP2 (gene no. 105).
The association of CpG islands and genes
We have shown previously that, in the terminal 285 kb, most of the genes are associated with CpG islands (3), with the island lying at the 5′ end of their associated genes, spanning the promoter. Putative CpG islands were initially identified from the frequency of CpG dinucleotides (15 CpGs in at least two adjacent 200 bp windows) but discarding sequences containing Five CpG islands are associated with a predicted gene for which there is no other corroborative evidence (EST or protein homology matches, category F in Table 2 ). For nine CpG islands, we found no convincing evidence for any gene close by. These putative CpG islands may not be biologically active (unmethylated) or may be associated with genes which do not conform to the current prediction criteria or may be expressed in a tissue or developmental stage-specific manner so that they are not represented in any of the current sequence databases. Unless these 'orphan CpG islands' mark some other chromosomal element, it seems likely that additional genes near these CpG islands will be identified in the future, in which case the gene density in this region may be somewhat higher than currently estimated.
Relationship between structure, gene expression and recombination
Many of the 79 genes associated with CpG islands are widely expressed, although some (e.g. the α globin genes and PDIP) are expressed in a highly tissue-specific manner. We detected no pattern to the orientation of genes in this region: 57.5% (69/ 120) of the genes are transcribed towards the centromere and 42.5% (51/120) towards the telomere.
We have previously shown, using an in situ hybridization assay (46) , that the terminal 50 kb of 16p replicates (or separates) later in S phase than the adjacent 250 kb which replicates early in the cell cycle (46) . Provisional data suggest that most of the 2 Mb region also replicates early in the cell cycle although there is a remarkable dip in replication, or separation of chromatids, in the central portion of Region II which is currently under investigation (V. Buckle, unpublished data). Although this occurs in a relatively gene-poor region of this contig, at present there appears to be no clear correlation between replication timing and GC content.
Microsatellite markers allow us to relate the physical map to recombination events recorded in the CEPH consortium linkage map of chromosome 16 ( Fig. 1I) (47) . Data from the CEPH map indicate that this 2 Mb region has a higher recombination rate (male 12.3 cM, female 8.0 cM, sex-averaged 10.5 cM) than the genome average (1.1 cM/Mb). Recombination events occur most frequently between co-ordinates 900 and 1200 kb (male 6.1 cM and female 5.2 cM for a region of just 0.3 Mb).
Many chromosomal rearrangements have been reported from this segment of chromosome 16 including truncations (6, 7, 48) , interstitial deletions (49) and translocations (10) . All known breakpoints, both telomeric and centromeric, are plotted in Figure 1B . While initial inspection suggests that some breakpoints cluster around the α globin complex, this can be explained by the fact that many of these (red bars in Fig. 1B) are highly selected deletions that cause α thalassaemia. Five breakpoints, associated with ATR-16 syndrome, cluster close to the inverted and tandem repeats (at 1121-1304 kb) which encompass the tryptase gene cluster. Further observations are required to establish if this represents a preferred site of chromosomal breakage.
The effects of monosomy for 16p13.3
Deletions that remove the α globin genes (co-ordinates 162-168 kb) give rise to the well-defined haematological phenotype of α thalassaemia. Small deletions (within co-ordinates 129.5-178.2 kb) from the α globin cluster are very common (1-90% carrier frequency) in individuals from tropical and subtropical regions of the world. These deletions are confined to the α globin gene cluster and the surrounding genes remain intact (12; see Conclusions). We recently reported a series of 21 rare, interstitial deletions that remove the α globin genes and a variable number of genes flanking the α globin cluster (11) . The largest of these extends for 268 kb and removes 15 functional genes (larger black bar in Fig. 1A) . Two heterozygotes for this deletion have α thalassaemia but otherwise appear phenotypically normal (11) , demonstrating that, apart from the α globin genes, none of the genes in the terminal 268 kb region of 16p is haploinsufficient.
Here, we have extended this analysis by investigating 16 individuals with still larger deletions (up to 2 Mb) from chromosome 16p (Fig. 1A ). All were initially brought to our attention because they have α thalassaemia. Fourteen also have a variety of developmental abnormalities and all have some degree of learning difficulty and therefore have alpha thalassaemia with mental retardation syndrome [ATR-16, OMIM 141750 (6,50)]. Most of these patients have unbalanced translocations making it impossible to distinguish phenotypic features due to monosomy for 16p or trisomy for the other unbalanced chromosome (10, 51) . However, five patients appear to have pure monosomy of 16p based on cytogenetic studies, multiprobe FISH analysis (52) and, in some cases, analysis of the chromosomal breakpoint (Fig. 1A, red bars) .
Two such patients (BA: deletion ∼757 kb and TN: deletion ∼951 kb) have no reported physical abnormalities but their cognitive abilities fall in the low-average range in contrast to their close relatives. Three patients with substantially larger deletions (BO: deletion ∼1900 kb; IM: deletion ∼2000 kb; LIN: deletion ∼2000 kb) were previously shown to have facial dysmorphism with a variety of physical abnormalities and significant learning difficulties (6, 8, 9) . The patient GS (deletion ∼1595 kb), who is also dysmorphic with learning difficulties, has an unbalanced translocation involving satellite DNA from chromosome 21p. Since there may be no contribution to the phenotype from this additional material, this patient's phenotype is predominantly due to monosomy for 16p. It is already known that removal of the gene TSC2 causes the clearly defined phenotype of tuberous sclerosis (4, 53, 54) and thus TSC2 at ∼2050 kb effectively delimits the ATR-16 phenotype to this terminal 16p region.
The simplest conclusion is that the larger the region of monosomy, the more genes are deleted and the more severe the phenotype. Although it is clear that deletion of some genes may contribute more than others and, in some cases, direct disruption of a gene at a breakpoint may have a bearing on phenotype, there may not be a critical gene that explains all features of ATR-16 syndrome. However, the interpretation of these data is complex and is discussed further below.
Relationship to other known diseases
Previous reports have implicated the terminal region of 16p13.3 in several important human genetic diseases in addition to α thalassaemia, ATR-16 syndrome, tuberous sclerosis and the adult polycystic kidney disease.
The pathophysiology of asthma may involve members of the tryptase gene family (55) (56) (57) (58) (59) . Here, we have shown that four mast cell tryptase genes, and three putative tryptase pseudogenes, lie in a 60 kb region, 1240 kb from the telomere of chromosome 16, as reported previously (13) . Although these genes are not exclusively responsible for this polygenic disorder, they appear to play an important role in its pathophysiology (55) (56) (57) (58) (59) .
One of the markers (D16S521), previously linked to a bipolar affective disorder (15), lies 34 kb from the telomere although other markers linked to this disease lie at least 2.5 Mb from the telomere (60) (61) (62) . Autosomal recessive, idiopathic myoclonic epilepsy of infancy has been mapped to a broad region between D16S3024 (at 1594 kb from the telomere) and D16S423 (16) . While this includes some of the 2 Mb contig, the highest LOD score (q = 0) corresponds to D16S3027 located at least 2.5 Mb from the telomere.
Significant linkage exists between autism and markers in 16p13.3 (18, 19) although the peak probability of linkage lies beyond this 2 Mb region. Autism with Tourette's syndrome has been reported in patients trisomic for 16p13.1-pter (17) .
Cataracts with micro-ophthalmia (CATM) maps to 16p13.3 in a single family with a translocation involving chromosomes 2 and 16 (14) . Both balanced and unbalanced translocations are associated with CATM indicating that a gene on one of these chromosomes is disrupted by the translocation. The breakpoint in chromosome 16 has been localized to band p13.3 by cytogenetic studies. Although the breakpoint in this family has not yet been refined, SOLH (gene no. 30) is a candidate because of its role in eye formation (63, 64) .
CONCLUSIONS
We have completed and fully annotated the sequence of a human telomere extending 2 Mb from the most terminal (TTAGGG) n repeats. This work highlights some deficiencies in the current public databases (such as: http:// www.ncbi.nlm.nih.gov/genome/guide/HsChr16.shtml and http://www.ensembl.org) in which some of the released sequence generated here appears to be misassembled and only sparsely annotated.
The entire region is rich in CpG islands and genes, consistent with previous predictions that the greatest density of genes will occur in GC-rich, telomeric regions of the genome. It is interesting that this relatively small segment of the human genome (0.07%) contains 120 confirmed genes, predicted genes and pseudogenes; this is approximately half as many as identified from the whole of chromosome 21 (284 genes in 33.5 Mb, 1.12% of the genome) (23) . It is also approximately three times as gene dense as the equivalent subtelomeric region of human chromosome 22q (22) . This extreme variation in gene density emphasizes the difficulty in accurately predicting the number of genes in the human genome using isolated segments of the genome.
This telomeric sequence appears to be divisible into three segments (Regions I-III) on the basis of GC content and Alu density consistent with previous observations on isochores and chromosome 'flavors' (65, 66) . Throughout these segments there is marked variation in GC content [particularly in Region I (Figs 1F and 2A)] which was not seen when the same sequence was randomized, suggesting a biological basis for this phenomenon. At present the mechanism underlying this variation cannot be clearly related to transcription, replication or recombination. It remains possible that these variations reflect or contribute to some aspect of the higher order folding or organization of the chromosome.
At a higher level of resolution, we examined the distribution of genes along the chromosome. Again, no clear patterns emerge with respect to size, type or orientation but it is clear that tissue-restricted genes are intermingled with widely expressed genes. The question arises of how such genes are independently regulated and it has been frequently proposed that each gene may be sequestered in an independent structural and functional domain. Despite the popularity of such models (67, 68) , to date, no DNA sequence basis for subdivisions of the chromosome has emerged. Given the considerable overlap between genes and regulatory elements in the well-characterized terminal 285 kb region of 16p it seems unlikely that this region could be simply subdivided into independentlyregulated chromosomal domains as described by Prioleau et al. (69) . The identification and characterization of putative chromatin 'boundary elements' in other segments of the genome (70, 71) suggest that if such chromosomal subdivisions exist in this telomeric region of the chromosome they may be difficult to predict from primary sequence.
The distribution of all known chromosomal breakpoints in this area is quite uneven and presumably reflects complex interactions between ascertainment bias, natural selection and the locations of preferred sites of recombination. One group (red bars in Fig. 1B) , selected because they cause α thalassaemia, cluster around the α globin genes. It is interesting that none of the common, highly selected forms of α thalassaemia (12) removes the flanking genes even though rare individuals with larger deletions appear phenotypically normal. Presumably, although deletions extending into these highly conserved, widely expressed genes can be tolerated in rare heterozygotes (11) , as a group, such individuals may be at some selective disadvantage. These deletions would almost certainly be lethal in homozygotes. The second group (blue bars in Fig. 1B ) was identified because these individuals have α thalassaemia with learning difficulties and, in most cases, additional developmental abnormalities. None of these breakpoints falls in the region 268-757 kb. Presumably although such telomeric deletions would cause α thalassaemia, one might predict that they do not produce any easily discernible phenotype and therefore do not commonly come to medical attention. The breakpoints clustered ∼1200 kb from the 16p telomere occur near a repetitive region that contains a block of tryptase genes and pseudogenes, has a high rate of recombination and contains cosmids that have proven difficult to clone and sequence. It remains to be determined whether this is a preferred site of chromosome breakage.
The acquisition of fully annotated sequence has enabled us to begin to relate long-range DNA sequence to chromosome structure function and pathology. Clearly this sequence resource will now enable us to extend these studies and construct microarrays to specifically analyse this region in a systematic, unbiased manner.
MATERIALS AND METHODS
Physical mapping
The clones to complete the physical map were obtained from either the Los Alamos chromosome 16-specific cosmid library (20) or from the HGMP PAC library RPCI1 (21) by direct radioactive hybridization of filters using precisely known markers or probes derived from the clones themselves. Probes were labelled using the MegaPrime DNA Labelling Kit and [α-32 P]dCTP (Amersham Pharmacia Biotech). Clones were grown up using standard conditions [using ampicillin for SuperCos1 based cosmids (Stratagene) or kanamycin for the PACs]. DNA was prepared using standard techniques (Hybaid and Qiagen). Clones were digested separately with EcoRI, NotI and HindIII and electrophoresed on 0.8% agarose gels. The gels were stained with Vistra Green (Amersham Pharmacia Biotech) and scanned on a Storm PhosphorImager (Molecular Dynamics, Amersham Pharmacia Biotech) to identify exact fragment sizes. Southern blots of the gels were hybridized using end fragments generated from the clones themselves, using the Gene Images DNA Labelling kit (Amersham Pharmacia Biotech) to identify positive clones and combined with the restriction enzyme data to allow an accurate map of the growing contig to be established. Based on these data, a minimum tiling path of clones was chosen to represent the physical map (Fig. 1H) . All of these clones were analysed using standard FISH techniques to confirm their location on human chromosome 16p13.3 (72) . EMBL IDs with accession numbers in brackets for the minimum tiling path are as follows, in order, telomeric to centromeric: HSPTEL (Z84812), HSLAW2 (Z84723), HSNFG9 (Z69719), HSRA36 (Z69720), HSGG4 (Z84722), HSX94 (Z84813), HS24F8 
End-clone production
The terminal fragments for chosen clones were obtained in the following manner. The DNA was cleaved with SacI (or XhoI or ApaI) for SuperCos1 cosmids or XhoI (or ApaI) for the CyPAC2n clones (these enzymes were chosen because they did not cut within the vector and could be heat-inactivated). The digests were heat-inactivated and ligase and ligase buffer (Promega) were added according to the manufacturers instructions. The ligations and transformations were performed using standard protocols. The DNA was extracted using Hybaid's Miniprep kit and a test quantity of DNA digested with the original enzyme described above to confirm that the new clone produced a single linear fragment. The correct subclones were then digested with the original enzyme and NotI to release the vector from the two terminal fragments. This digest was electrophoresed on a 0.8% low melting point agarose preparative gel and the terminal fragments excised. No further purification was required before labelling either radioactively or nonradioactively as described above, except for incubation at 65°C for 5 min to melt the agarose slice.
Sequencing
The cosmids and PACs were sequenced using a standard shotgun approach (73) . In brief, the clone DNA was sonicated and 1.4-2.0 kb sized fragments were ligated into M13 or pUC vectors and transformed. Restriction digest data were used to estimate the size of each clone and around 200 sequence reads per 10 kb were generated using fluorescent dye-labelled terminators and primers on ABI 373A and ABI 377 sequencing machines (PE Applied Biosystems). The M13 subclones were sequenced using forward primers, while both forward and reverse primers were used to sequence the pUC subclones.
The sequence reads were base-called using phred (74) and assembled using phrap (http://www.phrap.org) into a GAP database (75) for editing. Standard finishing methods were employed to bring about gap closure and resolve sequence ambiguities. Various software tools were used to check the quality of the sequence and restriction digests were used to confirm the assembly of each clone.
Sequencing gaps that failed to be resolved by standard shotgun and finishing approaches were tackled by a number of techniques. (i) Using an oligo-screening strategy to identify further M13 clones that may extend the gap sequence or close the gap altogether (76) . (ii) Sequencing subclones from a short insert library generated either from a pUC subclone that spanned the gap or from a subcloned restriction fragment (77) . (iii) PCR across the gap and direct sequencing of the PCR product using the original and internal primers. (iv) Direct sequencing of the cosmid DNA using primers that flank the gap [using 3 µg template DNA, 16 µl of standard ABI BigDye (PE Applied Biosystems) sequencing mix and 45 cycles]. (v) Application of the previous methods (iii and iv) but substituting ABI BigDye dGTP, increasing the PCR and sequencing denaturing temperature to 98°C and/or adding 1 M betaine to the PCR and sequencing reactions. (vi) Using standard manual sequencing techniques (Amersham).
Phenotypes of patients with 16p monosomy
The clinical features of these patients are briefly described here but have been or will be presented in detail elsewhere.
Patient BA. A preliminary report of this patient (78) described her as a phenotypically normal 14 year-old girl with a marked discrepancy between verbal and performance IQs, measured at 89 and 75, respectively. The chromosomal breakpoint in this patient lies in c335H7, ∼757 kb from the 16p telomere.
Patients TN. Two brothers have delayed development for speech and walking; one also has a left iris coloboma. Their mother also has this deletion and is clearly intellectually different from her siblings (unpublished data). The TN breakpoint lies in c443D9, ∼951 kb from the 16p telomere.
Patient GS. A boy aged 3 years. He had moderate delay in receptive language abilities and severe delay in expressive language abilities (unpublished data). The breakpoint lies between c313F4 and c395F10, ∼1595 kb from the 16p telomere.
Patient BO. This patient was described in detail by Wilkie et al. (6) and references therein. At 15 years of age, he was moderately to severely retarded (IQ 53) with mild facial dysmorphism and minor congenital abnormalities. The breakpoint lies in PAC76P10, ∼1900 kb from the 16p telomere.
Patient IM. This patient was described as having developmental delay and at 8 years of age had the mental ability of a 5-year-old (8) . The breakpoint lies telomeric to the PKD1 region, ∼2000 kb from the 16p telomere.
Patient LIN. This patient was described as having developmental delay with sign language developing at 2 years-of-age and walking by 2 years (9). She also has a variety of mild dysmorphic features. The breakpoint lies telomeric to the PKD1 region, ∼2000 kb from the 16p telomere.
Breakpoint analysis
Chromosome 16p deletion patients were analysed using standard FISH techniques as described previously (72) , with selected clones from the minimum tiling path to localize the chromosome 16 breakpoint to one or two clones. Multiprobe FISH analyses were performed as described previously (52) .
